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Abstract
We consider the possibility of observing deviations from the Standard Model
gauge-boson self-couplings at future eγ colliders. We concentrate on the process
e−γ → νW−Z, which is particularly sensitive to the parity violating coupling
gZ5 at high energies. We find that a 2 TeV e
+e− collider operating in the e−γ
mode could reach a sensitivity of order 5× 10−3 to gZ5 .
1 Introduction
The Standard Model of electroweak interactions (SM) has been tested thoroughly in
many experiments. The only missing ingredients are the top-quark and the Higgs-
boson. Whereas we expect that the top-quark will be found in the near future, the
same cannot be said for the Higgs-boson. The Higgs-boson in the Standard Model
is responsible for the breaking of electroweak symmetry, and experiments conducted
thus far have not tested directly the energy scales at which the symmetry breaking is
thought to occur.
There are many different physics possibilities that could be responsible for the
breaking of the electroweak symmetry. On general grounds we expect that there will
be new particles associated with the symmetry breaking sector, like the Higgs boson
or whatever takes its place. The purpose of new high energy colliders is to explore
the energy scales associated with the breaking of electroweak symmetry. However,
it is possible that any given machine will be operating at energies below that which
is necessary to excite the lightest new particle. In that case, we would like to study
gauge boson interactions and try to infer from them what the new physics could be.
This scenario makes it interesting to parameterize the symmetry breaking sector of
the theory in a model independent way by means of an effective Lagrangian, and to
explore the sensitivity of present and future experiments to the couplings introduced
in this parameterization.
In this paper we will look at the capability of future eγ colliders to study the
“anomalous” gauge boson couplings. Such colliders with high energy and high lu-
minosity can potentially be made from e+e− linear colliders using the laser back-
scattering method [1]. The possibility of observing the SM Higgs boson at such col-
liders through the process e−γ → νW−H has been previously discussed, and it was
found that a 1 TeV e+e− collider operating in the eγ mode should be able to discover
a Higgs boson in the intermediate mass range 60 − 150 GeV [2, 3]. Here we assume
that there is no Higgs boson (at least not with a mass that makes it directly accessible
to the machine) and investigate the sensitivity of an eγ collider to the three and four
gauge-boson self-interactions [4]. We concentrate on the process e−γ → νW−Z for
several reasons. This process depends on only a few of the anomalous couplings, and
at very high energies it singles out one coupling. The process is thus ideally suited
to isolate the effects of this one coupling, the parity violating but CP conserving gZ5 .
This process also has a relatively small SM background as we will discuss in section
3.
In Section 2, we summarize the effective Lagrangian formalism that we use to
describe the “anomalous” couplings. We derive all the Feynman rules needed to
compute the amplitude for e−γ → νW−Z. In section 3 we present our numerical
results and discuss the sensitivity of an e−γ collider to the anomalous couplings.
Finally, in section 4 we present our conclusions.
1
2 Anomalous Couplings
We start from the minimal effective Lagrangian that describes the interactions of
gauge bosons of an SU(2)L×U(1)Y gauge symmetry spontaneously broken to U(1)Q.
In this case the gauge boson mass and kinetic energy terms are [5]:
L(2) = v
2
4
Tr
(
DµΣ†DµΣ
)
− 1
2
Tr
(
W µνWµν
)
− 1
2
Tr
(
BµνBµν
)
, (1)
where Wµν and Bµν are the SU(2) and U(1) field strength tensors given in terms of
Wµ ≡ W iµτi, by:1
Wµν =
1
2
(
∂µWν − ∂νWµ + i
2
g[Wµ,Wν ]
)
Bµν =
1
2
(
∂µBν − ∂νBµ
)
τ3. (2)
The matrix Σ ≡ exp(i~ω · ~τ/v), contains the would-be Goldstone bosons ωi that
give the W and Z their mass via the Higgs mechanism, and the SU(2)L × U(1)Y
covariant derivative is given by:
DµΣ = ∂µΣ +
i
2
gW iµτ
iΣ− i
2
g′BµΣτ3. (3)
The first term in Eq. 1 is the SU(2)L × U(1)Y gauge invariant mass term for the
W and Z. The physical masses are obtained with v ≈ 246 GeV. This non-linear
realization of the symmetry breaking sector contains the same low energy physics as
the minimal Standard Model when the Higgs-boson is taken to be very heavy [5]. It
is a non-renormalizable theory that is interpreted as an effective field theory, valid
below some scale Λ ≤ 3 TeV. The lowest order interactions between the gauge bosons
and fermions are the same as those in the minimal Standard Model.
In writing the Lagrangian of Eq. 1 we assumed a custodial SU(2)C symmetry
broken only by the hypercharge coupling g′. Without this assumption, there can be
one more term in the lowest order effective Lagrangian:
L(2)′ = 1
8
∆ρv2
[
Tr
(
τ3Σ
†DµΣ
)]2
. (4)
This term describes deviations of the ρ parameter from one. Since, experimentally,
∆ρ is very small: ∆ρ = (1.5± 2.6)× 10−3 [6], we will neglect L(2)′.
The “anomalous” gauge boson couplings that we want to study correspond to
other SU(2)L×U(1)Y gauge invariant operators one can write besides those in Eq. 1.
For “low energy” processes, those that occur at energies below the scale of symmetry
breaking Λ, it is possible to organize the effective Lagrangian in a way corresponding
to an expansion of high energy scattering amplitudes in powers of E2/Λ2. The next
1 The Pauli matrices are normalized such that Tr(τiτj) = 2δij .
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to leading order effective Lagrangian that arises in this context has been discussed at
length in the literature [5, 7, 8, 9, 10].
We will consider the next-to-leading order effective Lagrangian containing all
terms which conserve the custodial SU(2)C (up to hypercharge couplings). In ad-
dition, we will consider a special operator which apart from breaking the custodial
symmetry, violates parity and charge conjugation while conserving CP [11]. The pro-
cess that we discuss in this paper, e−γ → νW−Z, is sensitive to the γZWW interac-
tion. At very high energies, the amplitude for the process γW− → ZW− is enhanced
when the W− and Z are longitudinally polarized. Roughly, the amplitude gains an
enhancement factor
√
s/MW for each longitudinal polarization, and the largest en-
hancement is thus obtained when all three gauge bosons are longitudinally polarized.
We could compute this enhanced amplitude by using the equivalence theorem and
replacing each longitudinally polarized gauge boson with its corresponding would-be
Goldstone boson. For the largest enhancement we would thus be calculating the am-
plitude for γω− → ω0ω− (ω±, ω0 are the would-be Goldstone bosons corresponding
to the longitudinal components of the W and Z). However, this process will not take
place unless parity is violated (since we are not considering the possibility of having
Wess-Zumino-Witten terms for the effective theory). This leads us to believe that the
process e−γ → νW−Z will single out the parity violating couplings at high energy.
For this reason, out of the many terms that break the custodial symmetry in the
next to leading order Lagrangian, we only consider the one that also violates parity.
This term will yield enhanced interactions at high energies. There are other terms
that violate parity, but they also violate CP . We know that the weak interactions
violate parity maximally, but that observed CP violation is very small. With this
in mind, we do not expect the P violating but CP conserving operator to have any
special suppression factors in general. At the same time, we might expect the CP
violating operators to have smaller couplings than one would estimate from simple
power counting rules. We will not consider the CP violating operators in this paper.
We are thus left with the following next-to-leading order effective Lagrangian:
L(4) = v
2
Λ2
{
L1
[
Tr
(
DµΣ†DµΣ
)]2
+ L2Tr
(
DµΣ
†DνΣ
)
Tr
(
DµΣ†DνΣ
)
− igL9LTr
(
W µνDµΣDνΣ
†
)
− ig′L9R Tr
(
BµνDµΣ
†DνΣ
)
+ gg′L10 Tr
(
ΣBµνΣ†Wµν
)
+ gαˆǫαβµνTr
(
τ3Σ
†DµΣ
)
Tr
(
WαβDνΣΣ
†
)}
.(5)
The terms with the Li are the five terms that conserve the custodial SU(2)C symme-
try. We explicitly introduce the factor v2/Λ2 in our definition of L(4) so that the Li
are naturally of O(1). The term with αˆ is the one that breaks custodial symmetry
and violates parity while conserving CP . With the normalization we have given L(4),
we expect αˆ to be of O(1) in theories without a custodial symmetry and of order ∆ρ
in theories that have a custodial symmetry [11]. For our discussion we will assume
that the new physics is such that the tree-level coefficients of L(4) are larger than
the (formally of the same order) effects induced by L(2) at one-loop. More precisely,
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that after using dimensional regularization and a renormalization scheme similar to
the one we used in Ref. [8], the Li(µ) evaluated at a typical scale around Λ are equal
to the tree-level coefficients and that the running is unimportant for the energies of
interest. The physical motivation for this assumption is that, even if we do not see
any new resonances directly, the effects of the new physics from high mass scales must
clearly stand out if there is to be any hope of observing them. When the indirect
effects of the new physics enter at the level of SM radiative corrections, very precise
experiments (as the ones being performed at LEP I) are needed to unravel them.
We are assuming that there will not be any such precision measurements in the next
generation of high energy colliders.
We can find the Feynman rules by going to unitary gauge, Σ = 1, and expanding
the Lagrangians of Eqs. 1 and 5. The operator in front of L10, however, contributes
terms bilinear in the gauge boson fields to the effective Lagrangian. It is therefore
necessary to perform additional transformations on the fields A and Z that appear
in our effective Lagrangian to obtain the physical fields. We follow Holdom [7], and
use the “∗” renormalization scheme of Kennedy and Lynn [12] which is defined by
the relation:
s2Zc
2
Z ≡
πα∗√
2GFM
2 phys
Z
, (6)
where sZ (cZ) is the sine (cosine) of the weak mixing angle renormalized at the scale
of MZ , sZ = sin θW . We thus use as input parameters: GF as measured in muon
decay; the physical Z mass, MphysZ = 91.17 GeV, and α
∗ = 1/128.8. In terms of these
quantities we thus use v = 1/
√√
2GF .
Our next-to-leading order amplitudes will get direct contributions from the terms
in L(4), as well as contributions from the renormalization of L(2) (including the cou-
plings to fermions that we have not written). To the order we are working, this
renormalization is accomplished by replacing the unrenormalized quantities e, cθ, sθ
and M0Z appearing in L(2) in the following way [7]:
cθ = cZ
(
1− 2s
2
Ze
∗2
s2Z − c2Z
L10
v2
Λ2
)
sθ = sZ
(
1 +
2c2Ze
∗2
s2Z − c2Z
L10
v2
Λ2
)
M0Z =
(
1 + e∗2L10
v2
Λ2
)
MphysZ
e =
(
1− e∗2L10 v
2
Λ2
)
e∗ , (7)
and by re-writing the lowest order Lagrangian in terms of the physical fields. The
only fields that change are those corresponding to the neutral gauge bosons:
Z →
(
1− e∗2L10 v
2
Λ2
)
Z
A →
(
1 + e∗2L10
v2
Λ2
)
A+
(c2Z − s2Z)
sZcZ
e∗2L10
v2
Λ2
Z . (8)
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The relevant Feynman rules are given in the Appendix.
It has become conventional in the literature to parameterize the three gauge boson
vertex VW+W− (where V = Z, γ) in the following way [13]:
LWWV = −ie∗ cZ
sZ
gZ1
(
W †µνW
µ −WµνW µ †
)
Zν − ie∗gγ1
(
W †µνW
µ −WµνW µ †
)
Aν
−ie∗ cZ
sZ
κZW
†
µWνZ
µν − ie∗κγW †µWνAµν
−e∗ cZ
sZ
gZ5 ǫ
αβµν
(
W−ν ∂αW
+
β −W+β ∂αW−ν
)
Zµ . (9)
For comparison with the literature we present our results in this form: 2
gZ1 = 1 +
e2
c2θ
(
1
2s2θ
L9L +
1
(c2θ − s2θ)
L10
)
v2
Λ2
gγ1 = 1
κZ = 1 + e
2
(
1
2s2θc
2
θ
(
L9Lc
2
θ − L9Rs2θ
)
+
2
(c2θ − s2θ)
L10
)
v2
Λ2
κγ = 1 +
e2
s2θ
(
L9L + L9R
2
− L10
)
v2
Λ2
gZ5 =
e2
s2θc
2
θ
αˆ
v2
Λ2
. (10)
The difference between e and e∗, sθ and sZ in Eq. 10 is higher order and can be
neglected.
The four gauge boson interaction is derived from Eqs. 1 and 5 and can be written
as:
LWWZA = −e∗2 cZ
sZ
gZ1
(
2W+ ·W−A · Z −A ·W+Z ·W− − Z ·W+A ·W−
)
+i 2e∗2
cZ
sZ
gZ5 ǫ
αβµνW−α W
+
β ZµAν (11)
It is important to see how, in a gauge invariant description of anomalous couplings,
the coefficients of the three and four gauge boson couplings are related. Of course,
the specific relation implicit in Eqs. 10 and 11 may change if other custodial SU(2)C
violating terms are included in the Effective Lagrangian.
Our effective Lagrangian formalism breaks down at some scale Λ ≤ 3 TeV, and
this manifests itself in amplitudes that grow with energy and violate unitarity at some
scale related to Λ. In order to stay within the region of validity of our description, we
2We agree with the results of Appelquist and Wu [10] when we make the identification,
α1 =
v2
Λ2L10, α2 =
v2
Λ2
L9R
2 , α3 =
v2
Λ2
L9L
2 , and with those of Holdom [7] when we use L
Holdom
9 =
− v2Λ2 (L9L+L9R)2 . The terms proportional to L9L and L9R agree with those of Boudjema [14]. How-
ever, there are several typos in the results of Falk, Luke, and Simmons [9].
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compute the J = 0 partial wave for different amplitudes and require that it be less
than one. For the process ω−γ → ω−ω0, we find:
|a0|± = 1
16
√
2
e∗αˆ
√
sωγ
v
sωγ
Λ2
(12)
where
√
sωγ denotes the center of mass energy of the ω
−γ system. For example, if
we are interested in studying this process at
√
sωγ = 2 TeV and we take the scale
of new physics to be 2 TeV, the requirement that |a0|± ≤ 1 leads to the unitarity
bound |αˆ| ≤ 9, or |gZ5 | ≤ 0.08. Notice, however, that this unitarity bound is less strict
for processes at lower energies. This simply corresponds to the conventional wisdom
that the physics associated with electroweak symmetry breaking must appear at (or
below) a scale of a few TeV.
It turns out that the process ω−Z → ω−ω0, provides a slightly tighter unitarity
constraint on αˆ, and it also allows us to compare it with unitarity bounds on other
anomalous couplings. For example, the lowest order Lagrangian and the term with L1
in Eq. 5 also contribute to this process. If we again compute the helicity amplitudes
for transverse Z polarizations and take the J = 0 partial wave we find:
|a0|± = 1
128
√
2
e∗
sZcZ
√
sωZ
v
(
1 + 4L1
sωZ
Λ2
+ 8αˆc2Z
sωZ
Λ2
)
. (13)
If we look instead at the amplitude with a longitudinal Z we find:
|a0|L = 1
32π
sωZ
v2
(
1 +
16L1
3
sωZ
Λ2
)
. (14)
We now adopt the “naturalness” argument that each term should be independently
smaller than the unitarity bound. Taking again
√
sωZ = Λ = 2 TeV we find from
Eq. 13 the bounds |αˆ| ≤ 4.9 and |L1| ≤ 7.6. We see that unitarity bounds for
both couplings are of the same order. However, Eq. 14 places the much stronger
bound |L1| ≤ 0.3.3 This is well understood from the fact that at high energies one
obtains larger amplitudes for longitudinally polarized gauge bosons. Since αˆ does not
contribute to ωω scattering processes, the constraint on it from unitarity is weaker
than that on its counterparts L1 and L2. On the other hand, L9 and L10 will only
contribute to four gauge boson scattering amplitudes when at least two of them are
transversely polarized. This can be seen from the results we presented in Appendix A
of Ref. [8]. One then finds that the unitarity bounds on L9 and L10 are very loose. For
example, from V V → ωω processes with √sV V = Λ = 2 TeV, they are of the order
of L9L,9R,10 ≤ 500. Bounds on these couplings from unitarity of qq → ωω processes
are even weaker.
3 Phenomenological Studies for e−γ → νW−Z
In this section we consider the phenomenology of the process e−γ → νW−Z as it could
be studied in future e+e− or e−e− colliders operating in the eγ mode. Within the
3This is consistent with the results of a more general analysis shown in figure 1 of Ref. [8]
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SM, this process has been considered in Ref. [2]. The diagrams needed to compute
the amplitude are shown in Figure 1. We evaluate these amplitudes numerically
using helicity amplitude techniques. We have also checked the electromagnetic gauge
invariance numerically. This check is done separately for the amplitude corresponding
to each operator since they all must be separately gauge invariant.
We find that the new interactions proportional to L1 and L2 do not contribute
to this process. The new interactions proportional to αˆ, L9L, L9R, and L10 con-
tribute not only to the gauge-boson fusion diagrams, but to all other diagrams as
well. This is shown in Figure 1. The shaded circles on vertices indicate modifica-
tions induced by the new couplings. This interplay of different couplings induced by
the same gauge invariant operator makes the importance of our effective Lagrangian
formulation manifest.4
In Ref. [11], we computed the amplitude for e−γ → νW−Z using the effective
W approximation. The results indicated that at very high energies, this process
is particularly sensitive to the αˆ coupling. This is, of course, due to the enhanced
couplings made possible by the parity violating nature of this operator. In this section
we compute the amplitude exactly in order to obtain more quantitative results.
We present all of our numerical results for e+e− colliders. This involves folding
the e−γ → νW−Z differential cross-sections with the energy spectrum of the back
scattered photon. The cross section for e+e− → e+νW−Z is then,
σ(see) =
∫ xmax
xmin
dxFγ/e(x)σˆeγ(xsee), (15)
where see the squared center of mass energy of the e
+e− system. The unpolarized
photon luminosity is given by [1]:
Fγ/e(x) =
1
D(ζ)
(
1− x+ 1
1− x −
4x
ζ(1− x) +
4x2
ζ2(1− x)2
)
(16)
and
D(ζ) =
(
1− 4
ζ
− 8
ζ2
)
log(1 + ζ) +
1
2
+
8
ζ
− 1
2(1 + ζ)2
. (17)
The parameter ζ is given by ζ = 4E0ω0/m
2
e, where ω0 is the energy of the incoming
laser photon and E0 is the e
− beam energy. x is the fraction of the electron energy
carried by the backscattered photon, xmax = ζ/(1 + ζ), and xmin is determined by
the kinematical limit (MW +MZ)
2/see. The value for ζ is chosen in such a way that
the backscattered photon cannot interact with the incident photon to produce an
unwanted e+e− pair. This requirement implies ω0xmax ≤ m2e/E0 which gives ζ ≤ 4.8.
We choose ζ = 4.8 to maximize xmax, and this yields xmax = 0.83, D(ζ) = 1.8 and
ω0 = 1.25 eV for a 0.5 TeV e
+e− collider.
In Fig. 2, we show the total cross section as a function of
√
see for Λ = 2 TeV. We
have adopted the usual “naturalness” assumption, that the process can independently
4This process was recently considered by Eboli et al.[15]. That paper, however, does not use a
consistent and gauge invariant formalism.
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place bounds on the different anomalous couplings that contribute to it. This means
that we only look at one anomalous coupling at a time and ignore possible interference
between terms with different anomalous couplings. There are four curves in the plot:
the solid one corresponds to the lowest order amplitude only (that arising from L(2));
the dashed curve corresponds to the L(2) amplitude plus the one obtained from L(4)
with αˆ = 5; for the dotted and dash-dotted curves we use the L(2) amplitude plus
that obtained from L(4) with L9L = 5 and L9R = 5 respectively.
Since L10 is proportional to the parameter ǫ3 measured at LEP I, we have a very
strong constraint on it. Including all the LEP results, as well as all the relevant low
energy data, Altarelli finds ǫ3 = (3.5± 2.8)× 10−3 [6]. This corresponds to
L10(MZ) = −1.31± 1.05. (18)
Our calculation in this paper is at tree-level only, so it is not appropriate to include
the running of L10. That running, however, would be a very small effect [8]. Since
the process e−γ → νW−Z is only sensitive to much larger values of L10 than allowed
by Eq. 18, we will not consider this operator in any detail.
We see that, as expected, the cross section is increasingly more sensitive to the
anomalous couplings at higher energies. Our result confirms that the amplitude from
the term with coupling αˆ grows more rapidly with energy than the other terms. As
we argued before, the parity violating nature of this operator allows it to generate a
“maximally” enhanced amplitude growing as (sWZ)
3/2, whereas the amplitudes from
the operators with the L9L, L9R couplings only grow as sWZ asymptotically. The
relative sensitivity of this process to αˆ is thus enhanced at high energies.
In accordance with the “naturalness” assumption that we have adopted, we com-
pute the cross section numerically by looking at one anomalous coupling at a time,
and further parameterize it as:
σ =
(
c0 + c1Li + c2L
2
i
)
fb, (19)
where Li generically represents an anomalous coupling constant. The first term, c0,
is the contribution from the lowest order Lagrangian, which is numerically equal to
what would be found in the Standard Model at tree level. This is because the Higgs
boson in the Standard Model does not enter the calculation of this process at tree
level. The c1 term corresponds to the interference between the lowest order amplitude
and the amplitude due to the coupling Li. The c2 term is the contribution to the cross
section from the square of the amplitude corresponding to the coupling Li. Notice
that since we only consider one anomalous coupling at a time, there is no interference
between amplitudes corresponding to different anomalous couplings.
We first consider the case of an e+e− linear collider with
√
see = 0.5 TeV. This
e+e− center of mass energy yields a spectrum for
√
seγ that peaks at about 0.45 TeV.
The coefficients for Eq. 19 are presented in Table 1. To roughly simulate the detector
performance, we have used the following minimal acceptance cuts,
| cos θV | < 0.9, pT (WZ) > 15 GeV, (20)
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where the θV cut is applied to both the polar angle of W and Z, and pT (WZ)
is the transverse momentum of the gauge-boson pair. This cut insures that there
is sufficient missing energy in the event to suppress possible backgrounds. A more
detailed discussion of reducible backgrounds will be deferred to the end of this section.
For each coefficient, the first row in the table corresponds to the numbers obtained
without cuts and the second row gives the results with the cuts. The constant c0,
which gives the minimal SM rate, is found at
√
see = 0.5 TeV to be:
c0 =
{
69.3 no cuts
42.9 with cuts.
Table 1: Coefficients in Eq. 19 for
√
see = 0.5 TeV. Cuts are given in Eq. 20
αˆ L9L L9R L9L = L9R L10
c1 0.324 0.746 0.281 1.03 0.312
c1 with cuts 0.209 0.444 0.169 0.613 0.187
c2 3.80× 10−2 4.30× 10−3 7.60× 10−4 7.33× 10−3 2.99× 10−3
c2 with cuts 2.81× 10−2 2.58× 10−3 5.22× 10−4 4.63× 10−3 1.99× 10−3
Although the dynamical distributions with anomalous couplings are not signifi-
cantly different from those of the SM at
√
see = 0.5 TeV, one can try to measure
deviations from the SM results based on the total event rate by computing the sta-
tistical significance, which is taken as
S =
signal events√
background events
. (21)
In our case, the “signal” events correspond to the second and third terms in Eq. 19,
and the “background” events to the minimal SM rate (the first term in Eq. 19). A 3σ
significance resulting from the anomalous couplings is given in Fig. 3 for αˆ, L9L, L9R,
and L9L = L9R, respectively, versus the integrated luminosity at
√
see = 0.5 TeV.
There is comparable sensitivity to αˆ and L9L, and it seems quite feasible for an e
+e−
machine with
√
see = 0.5 TeV running in the eγ mode, to reach a sensitivity of order
of 10 (Λ/2 TeV)2 to these couplings with an integrated luminosity of 10 − 20 fb−1.
Such a machine is significantly less sensitive to L9R, however.
To demonstrate the significant increase in sensitivity to αˆ at higher energies, we
now consider a 2 TeV e+e− collider. As we have discussed before, we expect the
amplitude proportional to αˆ to grow faster with energy than the other amplitudes.
This feature is clearly demonstrated in Fig. 4(a), where the invariant mass distribution
of the gauge boson pairs M(WZ) is shown at
√
see = 2 TeV for αˆ = 3 (Λ/2 TeV)
2
and L9L = 10 (Λ/2 TeV)
2. The result for L9R is similar to that for L9L and is not
shown here. We see the increasing importance of the αˆ contribution as M(WZ)
increases. The effect of the contribution from the L9 term is mostly to change the
overall normalization. Figure 4(b) shows the cos θW distribution at
√
see = 2 TeV,
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where θW is the polar angle of the W -boson with respect to the e
− beam direction.
The SM curve peaks sharply at cos θW = −1, this is due to the emission of the W -
boson from the photon leg. The αˆ anomalous interaction produces theW -boson more
in the central region. We thus find that the contribution of L9 to the central region
is relatively less important than that of αˆ.
Since the effect of the L9 interactions is mainly an overall normalization, to main-
tain a high sensitivity to the L9 coefficients we take moderate acceptance cuts which
will retain most of the signal:
| cos θV | < 0.9, pT (WZ) > 30 GeV. (22)
Here the pT (WZ) cut is optimized to suppress reducible backgrounds from other
sources. On the other hand, the results in Fig. 4 imply the possibility of improving
the sensitivity to αˆ by a set of more stringent cuts:
| cos θV | < 0.8, pT (WZ) > 30 GeV, M(WZ) > 0.5 TeV. (23)
The coefficients of Eq. 19 for
√
see = 2 TeV are given in Table 2. Again, the first
row corresponds to the case with no cuts, the second row presents numbers with the
cuts of Eq. 22, and the third row shows the numbers with the cuts of Eq. 23. The
minimal SM rates are
c0 =


936 no cuts
209 with cuts Eq. 22
38.8 with cuts Eq. 23 .
Table 2: Coefficients in Eq. 19 for
√
see = 2 TeV. Cuts are given in Eqs. 22 and 23
αˆ L9L L9R L9L = L9R L10
c1 1.03 10.0 3.46 13.5 4.79
c1 with cuts Eq. (22) 0.331 1.97 0.712 2.68 1.03
c1 with cuts Eq. (23) 0.144 0.393 0.121 0.515 0.225
c2 9.22 0.165 0.0425 0.294 0.195
c2 with cuts Eq. (22) 6.13 0.0565 0.028 0.137 0.122
c2 with cuts Eq. (23) 5.12 0.0282 0.0187 0.0820 0.0791
At
√
see = 2 TeV, we find that the contribution linear in αˆ has a much smaller
coefficient than the quadratic term. This is consistent with the fact that within the
effective W approximation, this interference term vanishes [11]. In the full calculation
it is suppressed by M2W/sWZ with respect to the quadratic term. This effect is not
so apparent at the lower energy,
√
see = 0.5 TeV. At
√
see = 2 TeV, our results agree
well with those obtained using the effective W approximation.
A 3σ significance resulting from the anomalous couplings αˆ, L9L, and L9R, respec-
tively at
√
see = 2 TeV is given in Figs. 5 and 6 for the cuts of Eq. 22 and Eq. 23, as a
10
function of the integrated luminosity. The curves in (a) correspond to positive values
of the anomalous couplings, while those in (b) to negative values. It is seen that the
negative values are always more difficult to probe. In Fig. 5(b), the solid curve for αˆ
and the dotted curve on the top for −L9L = −L9R are for +3σ effects as are those in
Fig. 5(a). There are also three contour-like curves labelled by −3σ, which reflect the
fact that c1Li + c2L
2
i < 0 in Eq. 19. This indicates that for certain negative values
of the Li, there are significant cancellations between the linear and quadratic terms.
However, with the more stringent cuts of Eq. 23, we see from Fig. 6(b) that this effect
disappears. We therefore consider the cancellation to be an accident. From Fig. 5,
we find that the process eγ → νWZ could probe L9’s at a level of 2− 5 (Λ/2 TeV)2
with an integrated luminosity of about 100 fb−1 and that it is more sensitive to αˆ.
The cuts of Eq. 23 are effective in suppressing the lowest order contribution (SM),
which is roughly reduced by a factor of 25 while the coefficient c2 for the αˆ amplitude
is reduced by less than a factor of 2. We see from Fig. 6 that the coefficient αˆ can
be probed here to a level less than 1 (Λ/2 TeV)2.
So far we have based our discussion on the excess of events above the SM predic-
tion. Without distinctive features in some dynamical distribution, it might be hard
to convincingly establish a signal for new physics. Given the parity violating nature
of the operator multiplying αˆ we might try to enhance the sensitivity to this coupling
by studying a parity odd observable, such as a correlation ~pe · (~pW ×~pZ). Notice, how-
ever, that there is no reason for this correlation to vanish in the minimal SM where
parity is violated maximally. As a measure of the size of this correlation we can
construct an associated forward-backward asymmetry. We find that for a 500 GeV
collider the interference term between αˆ and the lowest order amplitude can contain
an asymmetry of order 10% for a right-handed photon. The choice of a right-handed
photon is motivated by the fact that this polarization enhances the relative size of
the αˆ term in the total cross-section in the effective W approximation [11]. However,
since this interference term is much smaller than the lowest order term, the measur-
able asymmetry gets diluted to a negligible level. Since the relative importance of
the interference between the lowest order amplitude and the amplitude proportional
to αˆ decreases as the center of mass energy increases, and since a correlation of the
type ~pe · (~pW × ~pZ) appears in this interference, we expect the asymmetry to be even
smaller in a 2 TeV collider. Even though it is very difficulty to single out the αˆ term
with a parity odd observable, we can still study this contribution at high energies.
As we discussed earlier, the existence of αˆ significantly enhances the cross section in
the high M(WZ) and central region, making the separation of the αˆ contribution
feasible, as can be seen from Fig. 4. Due to a Jacobian peak in the WZ two-body
kinematics, similar enhancements in the pT (W ) or pT (Z) distributions also appear in
the high energy region.
The existing data from the CERN pp¯ collider [16] and LEP I [17] only constrain
the anomalous couplings L9R,9L rather weakly. The bound is |∆κ| ≃ 1 − 2, which
translates into L9R,9L < (300 − 600) (Λ/2 TeV)2. The Fermilab Tevatron with an
integrated luminosity of 100 fb−1 can provide comparable results to this bound [18].
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Ref. [9] finds that the LHC will be sensitive to values L9R > 61 (Λ/2 TeV)
2 and L9R <
−63 (Λ/2 TeV)2; L9L > 5 (Λ/2 TeV)2 and L9L < −9 (Λ/2 TeV)2. It is well known that
LEP II will provide a good environment to study the three gauge-boson anomalous
couplings [19] at a sensitivity of |∆κ| ≃ 4 × 10−2. This corresponds to L9R,9L ≃
12 (Λ/2 TeV)2. There are several studies in the literature for an e+e− machine with√
see = 0.5 TeV concentrating on the e
+e− → W+W− mode. The claim is that a
sensitivity of order 5×10−3 to ∆κγ can be reached with 50 fb−1 integrated luminosity
[20]. This would correspond to potential sensitivities of about (1 − 2) (Λ/2 TeV)2
to the couplings L9L, L9R, and L10 (we have made no attempt to study differences
between these three couplings in that process). This machine running in the eγ mode
is also considered in Ref. [21] as a means of searching for anomalous couplings, and
it is found that with 50 fb−1 a 7% sensitivity to ∆κ, corresponding to L9R,9L ∼ 20,
is feasible. In contrast, not many studies have been done in the literature concerning
the coupling g5 (or αˆ). It was found in Ref. [11] that the process e
+e− → W+W−
may be sensitive to g5 at a high energy e
+e− machine if highly polarized electron
beams can be obtained.
Finally, let us comment on the event reconstruction and other possible back-
grounds. With the leptonic decays of W → lν, Z → ll¯, there is little background to
anomalous coupling signals except for the lowest orderWZ production which we have
systematically included in our discussion (c0 in Eq. 19). In estimating the sensitivities
in our figures, we have implicitly assumed the full use of the hadronic decay modes,
in which the four jets in pairs reconstruct to MW and MZ . The inclusion of the
hadronic modes increases the event rate significantly and will make a better M(WZ)
mass reconstruction possible as well. It would be ideal to have a good hadronic energy
resolution (better than MZ −MW ∼ 10 GeV) in order to be able to distinguish the
W or Z decays via the di-jet mass. If possible, this would essentially eliminate other
backgrounds. Given the fact that this hadronic energy resolution may be difficult to
achieve, one has to make use of other kinematic cuts to reduce potential backgrounds.
The potential backgrounds are e−γ → W+W−e−, ZZe−, bt¯ν, and tt¯e−, which have
all been analysed in Ref. [3] in the search for the SM Higgs boson. Among the back-
grounds, the ZZe−, bt¯ν, and tt¯e− are at least an order of magnitude smaller than the
SM process e−γ → W−Zν and they are sufficiently different from our signal process
in terms of the final state particles and kinematics. However, the cross section for the
process e−γ → W+W−e− is about an order of magnitude larger than the SM WZ
process. Based on the fact that the major contribution to e−γ → W+W−e− is from
the almost on-shell photon exchange γγ → W+W−, we can substantially reduce it
by pushing the photon propagator away from the pole. Our pT (WZ) cut is designed
for this purpose. Furthermore, in our WZ signal the transverse momentum of the
boson pair is balanced by the missing transverse momentum (essentially from the ν);
whereas the e−γ →W+W−e− background will have a visible e− with large transverse
momentum. We can therefore further reduce this background by requiring not only
large pT (WZ) but also, at the same, time vetoing the hard electrons [3]. Overall, the
only significant irreducible background for our study of anomalous couplings is the
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lowest order SM process e−γ →W−Zν, which we have included.
4 Conclusions
If the electroweak symmetry breaking sector is strongly coupled, and no light res-
onances are found, then one expects deviations of the gauge-boson self-interactions
from the SM predictions. An eγ collider operating at
√
see > 0.5 TeV can provide
important input into our understanding of the nature of electroweak symmetry break-
ing. Such a collider would provide more precise measurements of L9L,9R than the LHC
via the process e−γ → νW−Z. Due to the gauge structure and the relatively large
contribution of the gauge-boson self-interactions to this process, it is as useful in
studying anomalous couplings as the lower order process e−γ → νW−[21]. Although
the process e+e− → W+W− is better to study the coefficients L9L,9R, the process
e−γ → νW−Z is very sensitive to the coupling αˆ, especially at higher energies. We
find that an e+e− machine operating in the eγ mode with
√
see = 0.5 TeV can place
bounds of order αˆ < 10 (Λ/2 TeV)2 with 20 fb−1 integrated luminosity. Similarly,
it is possible at a 2 TeV e+e− collider running in the eγ mode to place the bound
αˆ < .6 (Λ/2 TeV)2, which corresponds to gZ5 < 5 × 10−3 (Λ/2 TeV)2. Observa-
tion of enhanced production of longitudinal WZ pairs in the high M(WZ) region
and at central cos θW could be a direct indication for a new interaction of the form
proportional to αˆ.
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A Feynman Rules
The three gauge boson vertex in unitary gauge for Zσ(k) → W+ µ(p+) +W− ν(p−)
can be written
iCµνσZ (p
+, p−, k) ≡ ie∗ cZ
sZ
{[
(p+ − p−)σgµν + 2p−µgνσ − 2p+νgµσ
]
gZ1
+
[
kµgνσ − kνgµσ
]
κZ + ig
Z
5 ǫ
µσνρ(p+ − p−)ρ
}
. (24)
The momentum is defined such that k is incoming and p+, p− are outgoing.
Similarly the three gauge boson vertex in unitary gauge for γσ(k)→W+ µ(p+) +
W− ν(p−) can be written
iCµνσγ (p
+, p−, k) ≡ ie∗
{[
(p+ − p−)σgµν + 2p−µgνσ − 2p+νgµσ
]
gγ1
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+
[
kµgνσ − kνgµσ
]
κγ
}
(25)
The four gauge boson vertex in unitary gauge for W+µ W
−
ν γκZλ is,
iC˜µνκλWWZA = −ie2∗
cZ
sZ
{[
2gκλgµν − gκµgλν − gκνgλµ
]
gZ1 − 2igZ5 ǫνµλκ
}
, (26)
where all particles are incoming.
The renormalization of the couplings given in Eq. 7 also affects the fermion- gauge
boson vertices. For e+ν →W+µ we find:
iΓµ = −i e∗
2
√
2sZ
[
1− e
2
∗
s2Z − c2Z
L10
v2
Λ2
]
γµ(1− γ5) . (27)
For a fermion with charge eQf and isospin T3f = ±1, the ff → Zµ coupling is:
iΓ˜µ = −i e∗
4sZcZ
γµ
[
Re(1 + γ5) + Le(1− γ5)
]
(28)
where
Rf = −2Qf
[
s2Z −
e2∗
c2Z − s2Z
L10
v2
Λ2
]
Lf = Rf + T3f . (29)
The ffA vertices have the same form as they do in the minimal standard model but
they are now given in terms of e∗.
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FIGURE CAPTIONS
1. Diagrams contributing to the process e−γ → νW−Z. The dashed circle repre-
sents three and four gauge boson couplings arising from L(2) + L(4) as given in
the appendix. The full circle represents the renormalized fermion-gauge-boson
coupling as given in the appendix.
2. Total cross section for e+e− → e+νW−Z (in the e−γ mode) as a function of√
see. The solid curve is the result of the lowest order effective Lagrangian.
To this lowest order result, we have added the contributions from non-zero
couplings with Λ = 2 TeV: The dashed line corresponds to αˆ = 5 and the
dotted and dashed lines correspond to L9L, L9R = 5, respectively. The effect of
L10 subject to the constraint of Eq. 18 is so small that it cannot be distinguished
from the lowest order SM result.
3. 3σ sensitivity of an e+e− collider at
√
see = 0.5 TeV (operating in the e
−γ mode)
to αˆ, L9L and L9R with the cuts Eq. 20. The curves are shown as a function of
integrated luminosity. We set Λ = 2 TeV.
4. Differential cross sections (a) dσ/dM(WZ) and (b) dσ/d(cos θW ) for e
+e− →
e+νW−Z. θW is the polar angle between the W
− and the e− in the lab frame
and the total center of mass energy
√
see = 2 TeV. The curves show the result for
the lowest order effective Lagrangian (solid, labeled as SM), for αˆ = 3 (dashes),
and for L9L (dots) respectively, for Λ = 2 TeV.
5. Same as Figure 3 but for
√
see = 2 TeV with the set of cuts Eq. 22. (a) for
positive values of anomalous couplings and (b) for negative.
6. Same as Figure 3 but for
√
see = 2 TeV with the set of cuts Eq. 23. (a) for
positive values of anomalous couplings and (b) for negative.
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